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This  paper  reports  the  synthesis  of  highly  loaded  Sn02/mesoporous  carbon  (MC)  nanohybrid  through  a 
facile  chemical  solution  process  and  subsequent  annealing  methodology,  by  using  a  novel  three- 
dimensional  (3D)  MC  as  a  buffering  and  conducting  matrix.  Owing  to  its  unique  structural  characteris¬ 
tics,  the  MC— Sn02  nanohybrid  anode  exhibits  markedly  improved  cycling  stability  and  rate  capability 
compared  to  pure  Sn02  nanoparticles,  facilitating  its  application  in  advanced  Li-ion  batteries  (LIBs)  with 
long  cycle  life  and  high  power  density. 

©  2013  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Expansion  of  lithium  ion  technology  into  consumer  electronics, 
electric  vehicles  and  energy  storage  devices  requires  the  develop¬ 
ment  of  advanced  battery  systems  with  low  cost,  long  life,  high 
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energy  and  power  densities,  which  are  intrinsically  controlled  by 
the  electrode  materials  [1].  Among  them,  tin-based  materials 
especially  tin  dioxide  {Sn02)  have  been  considered  as  promising 
anodes  for  advanced  Li-ion  batteries  (LIBs)  due  to  their  much 
higher  theoretical  capacities  than  conventional  graphite 
(372  mAh  g_1)  [2].  Unfortunately,  the  commercialization  process  of 
Sn02  has  been  frustrated  primarily  by  its  huge  volume  change 
(~300%)  during  the  charge-discharge  process,  which  leads  to 
serious  pulverization  and  fast  capacity  fading  [3]. 
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Fig.  1.  (a)  TEM  image  of  MC  matrix;  (b)  XRD  patterns  of  MC  matrix  (curve  a),  MC-Sn02  nanohybrid  before  (curve  b )  and  after  (curve  c)  the  annealing  process;  (c— f)  Morphological, 
structural  and  compositional  characterizations  of  MC-Sn02  nanohybrid:  (c)  FESEM  image;  (d)  EDX  spectrum;  (e)  TEM  image;  (f)  HRTEM  image. 


Various  Sn02  nanostructures  [3-6],  such  as  nanotubes  [4], 
nanosheets  [5],  hollow  nanospheres  6],  and  so  forth,  have  been 
designed  to  accommodate  the  volume  changes  owing  to  their  large 
surface  area  and  pore  volume.  However,  the  stability  of  single¬ 
component  nanostructured  anodes  remains  a  significant 
challenge  [7].  Their  structural  collapse  also  causes  particle 
agglomeration,  pulverization  and  capacity  fading  upon  cycling. 
In  addition,  the  low  intrinsic  electronic  conductivity  of  pure  Sn02 
hinders  fast  charge  transport,  resulting  in  poor  rate  capability  [8]. 

To  address  the  aforementioned  issues,  much  attention  has  been 
paid  to  the  fabrication  of  Sn02-based  nanohybrids  by  introducing 
appropriate  buffering/conducting  matrixes  [8-16].  Among  various 
matrixes,  carbon  materials,  such  as  amorphous  carbon  [11,12], 
carbon  nanotubes  (CNTs)  [13,14  ,  and  graphene  [15,16],  have  been 
considered  as  the  most  promising  choices  owing  to  their  excellent 
buffering  effect  and  high  electronic  conductivity.  Compared  to 
zero-dimensional  (OD),  ID  and  2D  carbon  matrixes,  three- 
dimensional  (3D)  porous  carbon  scaffolds  materials  possess 
higher  mechanical  stability,  charge  transport  capability,  host 


capability,  and  so  forth  [17-20  .  Therefore,  the  nanohybrids  of  Sn02 
and  3D  porous  carbon  matrix  are  expected  to  exhibit  well- 
improved  cycling  stability  and  rate  capability.  For  example,  3D 
ordered  mesoporous  carbon  scaffolds  derived  from  silica  (SBA-15) 
have  been  demonstrated  to  be  promising  matrixes  for  Sn02  anodes 
with  significantly  improved  lithium  storage  performance  [21-24]. 
However,  the  synthetic  routes  are  tedious  and  complex,  and  the 
template-removing  process  using  corrosive  HF  is  environmentally 
unfriendly,  which  hinders  the  mass  production  and  practical 
application  of  Sn02  anodes.  It’s  highly  desirable  to  obtain  such 
Sn02-based  anodes  through  more  facile,  scalable,  and  environ¬ 
mentally  benign  processes. 

Herein,  we  report  the  synthesis  of  Sn02-based  nanohybrid 
through  a  facile  chemical  solution  process  and  subsequent 
annealing  methodology,  by  using  nano-CaC03-templated  3D  mes¬ 
oporous  carbon  (MC)  as  a  buffering  and  conducting  matrix.  When 
evaluated  as  an  anode  for  LIBs,  the  MC-Sn02  nanohybrid  exhibits 
markedly  improved  cycling  stability  and  rate  capability  owing  to  its 
unique  structural  characteristics. 
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Fig.  2.  TEM-EDX  elemental  mappings  of  MC— Sn02  nanohybrid:  (a)  TEM  image;  (b)  EDX  elemental  mapping  of  C  (yellow),  Sn  (red),  0  (purple),  and  their  overlap.  (For  interpretation 
of  the  references  to  color  in  this  figure  legend,  the  reader  is  referred  to  the  web  version  of  this  article.) 


2.  Experimental  section 

2.1.  Synthesis  ofMC—Sn02  nanohybrid 

All  the  chemicals  were  analytical  grade.  MC  matrix  was  pre¬ 
pared  through  a  nano-CaC03-templated  approach  according  to  our 
previous  report  [25].  The  pristine  MC  matrix  was  pretreated  by 
refluxing  in  HNO3  (65  wt%)  solution  for  5  h,  followed  by  washing 


with  deionized  water  and  drying  at  60  °C  before  use.  MC-Sn02 
nanohybrid  was  prepared  through  a  chemical  solution  process  and 
subsequent  annealing  approach.  Typically,  100  mg  pretreated  MC 
was  dispersed  in  20  mL  deionized  water,  and  then  0.25  mL  HC1 
(38  wt%),  0.5  g  SnCb  •  H20  and  0.25  g  urea  were  added.  The  mixture 
was  refluxed  at  60  °C  for  6  h  under  stirring.  After  the  reaction  was 
finished,  the  resulting  solid  products  were  centrifuged,  washed 
with  deionized  water  and  dried  at  60  °C  in  air.  Finally,  the  products 
were  kept  in  a  tube  furnace  at  400  °C  for  2  h  under  nitrogen  at  a 
ramping  rate  of  5  °C  min-1.  For  comparison,  pure  Sn02  nano¬ 
particles  were  synthesized  by  the  same  method  but  without  adding 
MC  matrix. 

2.2.  Characterization 

The  morphology,  composition,  and  structure  of  the  samples 
were  characterized  by  transmission  electron  microscopy  (TEM, 
Hitachi  H-7650,  120  kV),  high-resolution  transmission  electron 
microscopy  (HRTEM,  JEOL  JEM-2010F,  200  kV)  equipped  with 
energy-dispersive  X-ray  spectrometer  (EDX,  Thermo  Fisher  Scien¬ 
tific,  NORAN  System  7),  and  field  emission  scanning  electron  mi¬ 
croscopy  (FESEM,  Hitachi  S-4800)  equipped  with  EDX  (Horiba, 
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Fig.  3.  (a)  Nitrogen  adsorption/desorption  isotherms  of  MC  matrix  and  MC-Sn02  Fig.  4.  CV  curves  of  MC-Sn02  nanohybrid  in  the  initial  three  cycles  in  the  potential 
nanohybrid  at  77  K;  (b)  DSC-DTA  analysis  of  MC-Sn02  nanohybrid.  range  of  0.0-2.0  V  at  a  scan  rate  of  0.1  mV  s~\ 
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Fig.  5.  (a)  Cycling  performance  and  (b)  rate  capability  of  MC  matrix,  pure  Sn02 
nanoparticles,  and  MC-Sn02  nanohybrid. 

7593-H).  X-ray  powder  diffraction  (XRD)  measurements  were 
performed  with  Model  D/max- rC  diffractometer  using  Cu-Ka  ra¬ 
diation  (A  =  0.15406  nm)  and  operating  at  45  kV  and  100  mA.  The 
zeta  potential  measurements  were  carried  out  on  a  Malvern  Zeta- 
sizer  Nano  ZS90  analyzer  at  room  temperature.  The  Brunauer- 
Emmett-Teller  (BET)  specific  surface  area  and  pore  size 


distribution  were  measured  at  77  I<  using  a  Micromeritics  ASAP 
2050  system.  The  differential  scanning  calorimetry  and  thermog- 
ravimetric  analysis  (DSC-TGA)  was  performed  on  a  Perkin  Elmer 
Diamond  instrument  in  air  at  a  ramping  rate  of  5  °C  min-1. 

2.3.  Electrochemical  measurements  ofMC-Sn02  nanohybrid 

The  electrochemical  performance  of  the  composite  electrode 
was  measured  using  coin-type  cells  assembled  in  an  argon-filled 
glove  box.  The  working  electrodes  were  prepared  by  pasting  slur¬ 
ries  onto  Cu  foam  current  collector,  and  dried  at  120  °C  for  12  h 
under  vacuum  before  testing.  The  slurry  was  made  by  mixing  active 
material  (MC— SnC^  nanohybrid),  conductive  materials  (Super  P 
carbon  black),  and  binder  (polyvinylidene  difluoride,  PVDF)  in  a 
weight  ratio  of  80:10:10  in  N-methyl-2-pyrrolidone  (NMP).  MC 
matrix  in  MC— Sn02  nanohybrid  was  considered  as  part  of  active 
material  when  calculating  the  specific  capacity  of  nanohybrid 
anode.  Lithium  foil  was  used  as  the  counter  electrode,  1  mol  L-1 
LiPF6  in  ethylene  carbonate  (EC)/dimethyl  carbonate  (DMC)  (1:1  in 
volume  ratio)  as  the  electrolyte  and  Celgard  2400  film  as  separator 
in  the  coin  cell.  Galvanostatic  cycling  tests  of  the  assembled  cells 
were  carried  out  on  a  Land  CT2001A  system  (Wuhan,  China)  in  the 
potential  range  of  0.01—2  V  at  various  current  densities.  Cyclic 
voltammetry  (CV)  measurements  were  recorded  on  a  CHI  660B 
electrochemical  analyzer  (Shanghai  CH  Instrument  Company, 
China)  in  the  potential  range  of  0.0-2.0  V  at  a  scan  rate  of 
0.1  mV  s-1.  The  voltages  mentioned  herein  were  referred  to  Li+/Li 
redox  couple. 

3.  Results  and  discussion 

Recently,  3D  templated  interconnected  networks  such  as  copper 
[26],  nickel  [27],  and  carbon  [21-24]  have  shown  great  potential  as 
buffering/conducting  matrixes  for  electrode  materials  in  LIBs. 
Herein,  3D  MC  interconnected  network  has  been  demonstrated  as 
an  advanced  supporting  matrix  for  Sn02  anodes  in  LIBs.  The 
methodology  for  MC— Sn02  nanohybrid  presented  here  has  several 
advantages  compared  to  the  previous  reported  approaches  using 
silica-derived  MC  as  matrixes  [21—24].  First,  the  preparation  of  MC 
matrix  using  nano-CaC03  as  a  template  is  facile,  scalable,  and 
environmentally  friendly.  Second,  the  nano-CaC03-templated  MC 
matrix  possesses  large  homogeneous  mesopores  ( ~40  nm,  Fig.  la) 
and  thus  enhanced  host  capabilities,  which  is  beneficial  for  the  high 
and  uniform  loading  of  SnC^.  Third,  SnCh  nanocrystals  can  be  filled 


Fig.  6.  TEM-EDX  elemental  mappings  of  MC-Sn02  nanohybrid  in  a  fully  de-lithiated  state  after  20  cycles:  (a)  TEM  image;  (b)  EDX  elemental  mappings  of  C,  Sn,  O,  and  F, 
respectively. 
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Fig.  7.  TEM-EDX  elemental  mappings  of  pure  Sn02  nanoparticles  in  a  fully  de-lithiated  state  after  20  cycles:  (a)  TEM  image;  (b)  EDX  elemental  mappings  of  C,  Sn,  0,  and  F, 
respectively. 


into  the  mesopores  of  MC  matrix  via  a  facile  chemical  solution 
process.  Therefore,  the  methodology  demonstrated  here  facilitates 
the  mass  production  and  practical  application  of  MC-Sn02 
nanohybrid. 

The  crystalline  structure  of  the  samples  was  characterized  by 
XRD  (Fig.  lb).  As  observed,  the  broad  peaks  located  at  about  23°  and 
43°  in  curve  a  correspond  to  MC  with  poor  crystallinity.  After  the 
deposition  of  SnC^,  the  observed  crystalline  phase  from  curve  b  and 
c  can  be  assigned  to  tetragonal  Sn02  (JCPDS:  41-1445).  The  calcu¬ 
lated  average  crystallite  size  of  Sn02  increases  slightly  from  ~  3  to 
5  nm  after  the  annealing  process.  The  FESEM  image  (Fig.  lc)  shows 
that  the  MC— Sn02  nanohybrid  retains  the  3D  porous  structure,  but 
has  a  much  rougher  surface  than  MC  matrix.  Fig.  Id  gives  the  EDX 
spectrum  of  the  MC-SnC^  nanohybrid.  As  observed,  the  strong 
peaks  for  C,  Sn,  and  O  elements  are  expected  from  MC  matrix  and 
Sn02  nanoparticles,  respectively,  while  the  Cu  and  Al  peaks  come 
from  the  sample  stage  used  in  the  FESEM  measurements. 

Fig.  le  and  f  display  the  TEM  and  HRTEM  images  of  MC— Sn02 
nanohybrid.  As  observed  from  the  TEM  image,  numerous  Sn02 
nanoparticles  are  uniformly  distributed  on  the  concave-convex 
surface  of  MC  matrix.  After  acid  treatment,  the  zeta  potential  of  MC 
matrix  changes  from  -1.4  to  -19.7  mV,  since  the  introduction  of 
carboxyl  groups  on  its  pore  walls.  The  negatively  charged  carboxyl 
groups  can  serve  as  efficient  adsorption  sites  for  Sn2+  ions,  and  the 
subsequently  formed  SnC^  nuclei  are  deposited  uniformly  on  the 
matrix  surface,  yielding  MC— Sn02  nanohybrid.  Moreover,  the 
HRTEM  image  displays  two  kinds  of  lattice  fringes  with  the  lattice 
spacings  of  about  0.264  and  0.335  nm,  corresponding  to  the  (101) 
and  (110)  planes  of  Sn02  nanoparticles,  respectively. 

TEM-EDX  elemental  mapping  analysis  was  used  to  further 
characterize  the  elemental  distribution  of  the  products.  Fig.  2  dis¬ 
plays  a  typical  TEM  image  taken  from  the  edge  part  of  the  MC-Sn02 
nanohybrid,  along  with  the  corresponding  elemental  maps  of  C,  Sn, 
O,  and  their  overlap.  As  observed,  Sn  and  O  signals  are  uniformly 
distributed  over  the  chosen  region,  which  is  almost  consistent  with 
C  signal.  The  elemental  mapping  analysis  confirms  the  uniform 
distribution  of  Sn02  nanoparticles  within  MC  matrix. 

To  obtain  further  insight  into  their  3D  porous  structure,  the 
surface  area  of  the  MC  matrix  and  MC-Sn02  nanohybrid  was 
characterized  by  nitrogen  adsorption-desorption  isotherms  at  77  K 
in  Fig.  3a.  It  is  found  that  the  MC  matrix  has  a  BET  surface  area  of 
435.1  m2  g1  with  a  pore  volume  of  0.835  cm3  g1.  After  the  loading 
of  Sn02,  the  values  decrease  to  193.7  m2  g-1  and  0.251  cm3  g-1, 
demonstrating  the  moderate  rather  than  complete  filling  of  Sn02 
into  the  carbon  mesopores.  Moreover,  DSC-TGA  was  performed  to 


determine  the  SnC>2  content  presented  in  the  MC-SnC^  nano¬ 
hybrid.  As  observed  from  Fig.  3b,  the  weight  loss  between  200  and 
600  °C  (19.2  wt%)  accompanied  with  an  exothermic  peak  at 
495.7  °C  can  be  attributed  mainly  to  the  removal  of  MC  matrix. 
Thus,  the  Sn02  content  of  MC-SnC^  nanohybrid  is  determined  to 
be  as  high  as  80.8  wt%.  The  moderate  pore-filling  of  SnC>2  favors 
enhanced  cycling  stability,  whereas  the  high  loading  of  SnC^  is 
beneficial  for  increased  specific  capacities.  Therefore,  the  MC-Sn02 
nanohybrid  demonstrating  here  is  expected  to  exhibit  improved 
lithium  storage  performance. 

The  as-synthesized  MC-SnC^  nanohybrid  was  used  as  a 
potential  anode  for  LIBs.  Fig.  4  shows  the  initial  three  CV  curves  of 
nanohybrid  anode  in  the  potential  range  of  0.0-2.0  V  at  a  scan  rate 
of  0.1  mV  s-1.  As  observed,  the  profiles  of  these  CV  curves  are 
characteristic  of  SnCVbased  anodes  [9-16].  The  lithiation/deli- 
thiation  mechanism  of  Sn02  anodes  is  a  conversion  followed  by 
alloying/de-alloying  reactions: 

Sn02  +  4Li+  +  4e"  -►  Sn  +  2Li20  (1) 

Sn  +  xLi+  +xe“  <-►  Li*Sn  (0  <  x  <  4.4) .  (2) 

In  the  first  cycle,  the  broad  cathodic  peak  at  about  0.73  V  can  be 
attributed  to  the  formation  of  solid  electrolyte  interface  (SEI)  layer, 
and  reduction  of  SnCh  to  Sn  and  Li20  described  by  equation  (1). 
These  processes  are  generally  believed  to  be  irreversible,  leading  to 
large  initial  irreversible  capacity.  Herein,  this  cathodic  peak  shifts  to 
a  higher  voltage  (around  0.9  V)  rather  than  disappear  entirely  in 
subsequent  cycles,  and  the  peak  intensity  is  significantly  reduced, 
which  could  be  explained  by  the  partial  reversibility  of  the  reduc¬ 
tion  reaction  described  by  equation  (1)  [5,28].  In  addition,  the 
characteristic  pair  (cathodic,  anodic)  of  current  peaks  located  at 
(0.06,  0.6  V)  could  be  ascribed  to  the  alloying  and  de-alloying 
processes  described  by  equation  (2),  which  is  believed  to  be  high¬ 
ly  reversible.  It  could  be  noticed  that  the  intensity  of  both  cathodic 
and  anodic  peaks  gradually  increases  in  the  second  and  third  cycles, 
demonstrating  the  existence  of  possible  activating  processes  in  the 
nanohybrid  anode  [11,28,29]. 

Fig.  5a  displays  the  discharge  capacities  as  a  function  of  cycle 
number  for  the  MC-Sn02  nanohybrid  anode  at  a  current  density  of 
100  mA  g-1  in  the  potential  range  of  0.01—2  V.  For  comparison, 
cycling  performance  of  MC  matrix  and  pure  Sn02  nanoparticles 
were  also  investigated  under  the  same  conditions.  As  observed,  the 
initial  discharge  capacities  of  pure  Sn02  nanoparticles,  MC-Sn02 
nanohybrid,  and  MC  matrix  are  1890.5, 1855.7,  and  1057.5  mAh  g  \ 
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respectively,  due  to  the  gradual  decrease  of  S11O2  content. 
The  discharge  capacities  of  MC-Sn02  nanohybrid  experience  a 
slowly  fading  process  and  maintain  at  473.1  mAh  g_1  after  50  cycles 
with  a  retention  of  56.6%  comparing  with  the  first  reversible 
capacity.  On  contrast,  the  pure  Sn02  experiences  rapid  capacity 
fading  upon  cycling.  After  50  cycles,  the  discharge  capacity  is  only 

157.9  mAh  g-1,  which  is  much  lower  than  that  of  MC— Sn02 
nanohybrid. 

Moreover,  the  rate  capability  of  MC-Sn02  nanohybrid  was 
examined  in  comparison  with  pure  Sn02  nanoparticles  at  various 
current  densities  from  100  to  1000  mA  g_1  (Fig.  5b).  As  observed, 
the  MC-Sn02  nanohybrid  delivers  a  discharge  capacity  of 
588.5  mAh  g-1  at  a  current  density  of  100  mA  g-1  after  20  cycles. 
This  value  decreases  to  516.0  mAh  g_1  (200  mA  g^1),  394.0  mAh  g-1 
(500  mA  g-1),  240.0  mAh  g-1  (1000  mA  g-1),  and  finally  returns  to 

443.9  mAh  g-1  at  100  mA  g-1.  In  sharp  contrast,  the  discharge 
capacities  of  pure  Sn02  decrease  rapidly  with  the  increase  of  cur¬ 
rent  densities.  These  results  demonstrate  that  the  MC-Sn02 
nanohybrid  possesses  markedly  improved  rate  capability,  making  it 
a  promising  anode  for  LIBs  with  high  power  densities. 

Fig.  6  shows  the  TEM-EDX  elemental  mappings  of  MC— Sn02 
nanohybrid  in  a  fully  de-lithiated  state  after  20  cycles.  As 
observed  from  the  TEM  image,  the  3D  porous  structure  of  MC— 
Sn02  nanohybrid  is  well  preserved,  and  the  agglomeration  and 
pulverization  of  Sn02  nanoparticles  can  be  effectively  restrained. 
Moreover,  the  elemental  mapping  images  indicate  the  tin 
component  is  still  evenly  distributed  within  the  MC  matrix.  In 
addition,  the  F  signal  comes  from  the  SEI  layer,  which  consists  of 
the  decomposition  products  of  LiPF6-based  electrolytes.  In  sharp 
contrast,  the  pure  Sn02  nanoparticles  become  larger  and 
agglomerated  after  cycling  (Fig.  7a),  and  the  elemental  mappings 
also  demonstrate  the  nonuniform  distribution  of  Sn  signal  within 
the  chosen  region  (Fig.  7b).  These  results  confirm  the  structural 
stability  of  the  Sn02  anodes  has  been  significantly  enhanced  by 
introducing  MC  matrix,  which  can  further  explain  the  huge  dif¬ 
ferences  in  lithium  storage  capabilities  of  MC— Sn02  nanohybrid 
and  pure  S11O2  nanoparticles. 

4.  Conclusions 

In  summary,  we  have  synthesized  MC— Sn02  nanohybrid  with 
high  Sn02  content  (80.8  wt%)  through  a  facile  chemical  solution 
process  and  subsequent  annealing  methodology  by  using  MC  as  a 
novel  buffering  and  supporting  matrix.  Compared  to  pure  Sn02 
nanoparticles,  the  MC-Sn02  nanohybrid  exhibits  markedly 
improved  cycling  stability  and  rate  capability,  which  makes  it  a 
promising  anode  for  long-life  and  high-power  LIBs.  For  example,  a 
high  capacity  of  473.1  mAh  g  A  from  MC— Sn02  nanohybrid  can  be 
retained  after  50  cycles,  which  is  much  higher  than  that  of  pure 
Sn02  nanoparticles  (157.9  mAh  g_1).  The  improved  lithium  storage 
performance  can  be  ascribed  to  the  MC  matrix  with  excellent 
structural  stability  and  high  charge  transport  capability,  which 


could  be  applied  to  other  anode/cathode  systems  for  their 
enhanced  performance. 
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